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FOREWORD
"This complicated array of moving things which constitutes the world is something like
a great chess game being played by the gods, and we are observers of the games. We
do not know what the rules of the game are; all we are allowed to do is to watch the
playing. If we know the rules, we consider that we understand the world."
– Richard Phillips Feynman.
Humankind’s relationship with iron is currently believed to cover at least seven
millennia. How many times have I heard the question "Is there still anything
to discover in cast iron?", often ends of the conversation continued in "We know
everything about cast irons - they’ve been studied for years! On the contrary, in recent
decades, more than half of the cast irons used in today did not exist fifteen years ago.
In this study, High aluminum, silicon and molybdenum containing cast irons for hot
end exhaust system applications is investigated and will be presented.
I am truly grateful to my adviser Asst. Prof. Dr. Nuri SOLAK for his invaluable
guidance, encouragement and kind support during the whole study. I am very thankful
to Prof. Dr. Mustafa ÜRGEN for his professional advices and definite support.
Additionally, I would like to thank my friend and colleague Emin KONDAKÇI for
his generous support and encouragement throughout the project. I am thankful to
Ahmet Fatih YAYLA, Barıs¸ YAVAS¸, Çag˘atay YELKARASI and Og˘uzkaan ÇOS¸KUN
for their interest and help during micro-hardness, TG/DTA, XRD, SEM/EDS
characterization of samples and conducting thermal fatigue test, respectively. Also,
I would like to thank Salih DEMIRSOY from Demirsoy Foundry for casting of
materials. I mostly appreciate support and help from my colleagues in Solak Group,
ITU.
Special thanks to Assoc. Prof. Dr. Og˘uzhan GÜRLÜ for him professional advices and
supporting me for all time.
Finally, I would like to thank to my family and Gülçin UYGUR for their unconditional
love, great support and advices in all domains.
May, 2014 Rıfat YILMAZ
Physics Engineer
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DEVELOPMENT OF NEW GENERATION FE - BASED AL - SI - MO ALLOYS
FOR EXHAUST MANIFOLD APPLICATIONS
SUMMARY
Thermal stresses of exhaust manifolds have increased significantly in the last two
decades. Nowadays, to raise the engine performance and overall efficiency is the most
encountered challenge for the automotive industry, and at the same time, customer’s
expectation for safety, fuel economy and price would be fulfilled. Increasing efficiency
and the new demands regarding the emissions causes the exhaust gas temperatures to
increase. Considering all these demands on hot end exhaust systems, it is aimed that
while increasing the high temperature oxidation, creep and fatigue resistance, it is
intended to improve engine performance, reduce weight, and also increase the cost
efficiency. In this study, Fe-based AlSiMo cast alloys for engine exhaust manifolds
application are investigated by adding aluminum and reducing molybdenum content in
High Si - Mo cast iron. High temperature oxidation behavior, thermal fatigue resistance
and thermodynamics properties of AlSiMo alloys are studied by computationally and
experimentally. By adding aluminum to the High Si - Mo cast iron, temperature
of eutectoidic phase transformation in the Fe-C system is increased. Therefore,
the expansions resulting from transformation of crystal structure is deferred to high
temperatures and the possibility of thermal fatigue induced crack growth is reduced.
Also, it is observed that high temperature oxidation behavior of AlSiMo alloys is
directly connected with content of aluminum. High temperature oxidation tests are
performed at elevated temperatures. SEM, EDS, XRD and GDOES measurements
are carried out on samples for detecting oxide phases and oxide scale thickness and
microstructural analysis. Additionally, thermal fatigue tests are conducted at 850oC,
and aluminum containing High Si-Mo alloys show better thermal fatigue resistance. It
is observed that the crack initiation defers to higher thermal cycles.
To conclude, it is resulted with this study that selective diffusion and oxidation of
aluminum at the surface is observed which improves the oxidation resistance of
AlSiMo alloys. Addition to this, aluminum containing High Si-Mo alloys exhibit more
thermal fatigue resistance than High Si-Mo cast irons.
xix
xx
EGZOZ MANI˙FOLD UYGULAMALARI I˙CI˙N YENI˙ NESI˙L AL - SI - MO
ALAS¸IMLI DOKME DEMI˙RLERI˙N GELI˙S¸TI˙RI˙LMESI˙
ÖZET
Otomotiv endüstrisi son yıllarda; yasal düzenlemelerin, çevresel kaygıların ve
global ölçekli yüksek rekabetin etkisiyle her geçen gün daha çetin s¸artlar ve
problemlerle kars¸ı kars¸ıya kalmaktadır. Müs¸teri beklentilerini kars¸ılayabilen, yüksek
performansı ekonomik s¸artlarda sag˘layabilen, yasal düzenlemeler ile belirlenmis¸
güvenlik ve emisyon seviyelerini yakalayabilen yeni nesil araçların üretimi gün
geçtikçe sektörü daha ileri teknoloji alanlarında aras¸tırmalar ve yatırımlar yapmaya
zorlamaktadır. Bunların yanında düs¸ük maliyet, hafiflik, sessiz çalıs¸ma ve konfor
gibi ikincil ve rekabetçi hedefler de sektörü yeni çalıs¸malara itmektedir. Bu
hedefler araç motorlarında yapılan tasarım deg˘is¸iklikleri, iç basınçlar ve sıcaklıkları
gibi performansı dog˘rudan etkileyen çalıs¸ma s¸artlarının limitlere çekilmesi ve
istatistiksel aras¸tırmaların ıs¸ıg˘ında emniyet katsayılarının düs¸ürülmesi ile büyük
ölçüde tutturulmus¸tur. Dig˘er bir yandan da bu hedeflerin tutturulması, içten yanmalı
motorların maruz kaldıg˘ı zorlanmaların büyüklüklerini arttırmıs¸ ve çes¸itlendirmis¸tir.
özellikle iç basınçların ve sıcaklıkların arttırılması motor parçalarının daha fazla
zorlanmasına sebep olmaktadır. Bu zorlanmaların en önemlilerinin ikisi de termal
yorulma ve termomekanik yorulma fenomenleridir. Müs¸terinin kullanım s¸artları,
aracın kullanıldıg˘ı çevrenin kos¸ulları ve aracın kullanıldıg˘ı yol s¸artları içten yanmalı
motorların termal ve termomekanik çevrimlere maruz kalmasına sebep olur. Artan
basınç ve sıcaklıklar ile bu çevrimlerde ulas¸ılan azami sıcaklık ve basınç deg˘erleri
daha da artmıs¸tır ve bu yorulmalar motor komponentlerini daha da hızlı bir s¸ekilde
hasara zorlamaktadır. özellikle yüksek basınç ve sıcaklıklara dog˘rudan maruz kalan,
herhangi bir s¸ekilde sog˘utma sistemine sahip olmayan ve karmas¸ık geometrileri
dolayısıyla döküm üretim yöntemiyle üretilen egzoz manifold parçaları, turbos¸arj
ünitesi muhafaza parçaları ve döküm egzoz boruları termal ve termomekanik
yorulmaya ciddi s¸ekilde maruz kalmaktadır. Bu zorlanmalara kars¸ı daha dayanıklı
tasarım elde etmek için et kalınlıklarının arttırılması, parçalara kaplama yapılması veya
farklı sog˘utma yöntemlerinin parçalara entegre edilmesi gibi çözümler uygulanmıs¸tır.
Ancak bu yöntemler aracın ag˘ırlıg˘ını arttırması, yakıt tüketim performansı düs¸ürmesi,
egzoz emisyon seviyelerini yükseltmesi ve üretim maliyetlerini ve karmas¸ıklıklarını
arttırması sebebiyle yetersiz kalmaktadır. S¸üphesiz ki bu noktadan sonra yapılması
gereken en önemli gelis¸tirme bahsi geçen komponentlerin üretiminde kullanılan
malzemelerin gelis¸tirilmesidir.
Günümüz otomotiv araçlarının içten yanmalı motorları için üretilen egzoz manifoldu,
turbos¸arj muhafazası gibi yüksek sıcaklıg˘a maruz kalan parçaların büyük çog˘unlug˘u
küresel grafitli dökme demir, daha nadir olarak ise gri dökme demir, vermiküler
dökme demirden üretilmektedir. I˙çten yanmalı motorlardaki egzoz gazı sıcaklıklarının
artıs¸ı ile birlikte yüksek sıcaklık dayanımı daha gelis¸mis¸ olan Silisyum ve Molibden
katkılı yüksek alas¸ımlı küresel dökme demirler, yüksek Nikel katkılı dökme demirler
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ve paslanmaz çelikler motorun sıcak çalıs¸an komponentleri için sektördeki ana
malzemeler halinde gelmis¸tir. Bu malzemeler dıs¸ ülkelere olan bag˘ımlılık ve
yüksek maliyetlerinden dolayı ülkemiz otomotiv endüstrisi için ideal malzemeler
deg˘illerdir. özellikle nikel üretimi ülkemizde yoktur. Bu kos¸ulların olus¸ması
muhakkak ki; malzeme teknolojileri üzerine aras¸tırma yapılması için uygun zemine
sebep olmus¸tur. Yüksek ısıya kars¸ı daha dayanıklı olan ve maliyetleri Nikel ve
Molibden gibi madenlerin getirdig˘i maliyetlere göre çok daha düs¸ük olan bir dökme
demir gelis¸tirilmesi, yukarıda bahsedilen problemlerin çözümüne çok büyük bir
katkı sag˘layacaktır. Gelis¸tirilecek yeni dökme demir malzemesi sayesinde istenilen
dayanıma sahip komponentlerin üretimi düs¸ük maliyetli bir s¸ekilde yapılabilmesi
ve dıs¸a bag˘ımlılıg˘ın önüne geçilmesi hedeflenmektedir. Buna ek olarak da içten
yanmalı motorda herhangi bir ag˘ırlık artıs¸ı, yakıt tüketimi artıs¸ı ve emisyon iyiles¸tirme
performansında azalma meydana gelmemesi hedeflenmektedir.
Bu çalıs¸mada yüksek silisyum - molibden içeren küresel grafitli dökme demirlere
aluminyum eklenerek yeni nesil yüksek aluminyum-silisyum-molibden içeren dökme
demirler gelis¸tirilmis¸tir. Bu çalıs¸ma boyunca termodinamik hesaplamalar ve
deneysel çalıs¸malar yapılmıs¸; AlSiMo alas¸ımların termo-kimyasal, termo-fiziksel ve
termo-mekanik davranıs¸ları aras¸tırılmıs¸tır. Termodinamik hesaplamalar CALPHAD
yaklas¸ımı kullanılarak yapılmıs¸tır. Hesaplamalı faz denge diagramları kısaca
CALPHAD yaklas¸ımı Gibbs Enerji minimizasyon yöntemini kullanarak her bir
komponentin tüm fazları için termodinamik denge hesaplar. Tüm bu hesaplamalar
sıcaklık, kompozisyon ve basınç gibi deg˘is¸kenler üzerinden ifade edilebilir. Calphad
yöntemi teori ile deney arasında bir köprü vazifesi görmektedir. Her iki biles¸enden
de girdiler alıp, en hassas ve dog˘ru olan çözüme ulas¸mayı hedefler. Bu çalıs¸mada
yapılan tüm hesaplamalar; Calphad yöntemini kullanan Thermo-Calc yazılımı ile
yapılmıs¸tır. Veritabanı olarak ise SGTE, TCFE6, ve SSOL5 kullanılmıs¸tır. Bu sayede
multi-komponent dökme demir alas¸ımların faz denge diagramları, termodinamik ve
termokimyasal özellikleri hesaplanmıs¸tır.
High Si-Mo dökme demir içerisine aluminyum eklenmesi, ötektoidik faz geçis¸
sıcaklıg˘ını yüksek sıcaklıklara ötelemis¸tir. Faz geçis¸i sırasında meydana gelen
anlık hacim deg˘is¸imleri, çevrimsel yükler altında malzemeye zarar vermekte ve
deformasyona ug˘ratmaktadır. I˙s¸te bu yüzden egzoz manifold çalıs¸ma sıcaklıklarında
faz geçis¸lerinin olması istenmez ve çalıs¸ma sıcalık aralıg˘ını belirleyen ana faktör budur.
Termodinamik hesaplamaların yanısıra; yapılan yüksek sıcaklık oksidasyon testleri
göstermis¸tir ki, malzemenin oksidasyon direnci aluminyum miktarıyla dog˘ru
orantılıdır. Yüksek sıcaklık oksidasyon testleri farklı sıcaklıklarda ve yüzden fazla
numune üzerinde gerçekles¸tirilmis¸tir. Tüm testler tekrarlanabilir özellig˘e sahiptir.
Oksit film karakterizasyonu ve yüzey üzerinde olus¸an oksit fazlarının karaterizasyonu
XRD, GDOES ve SEM ile yapılmıs¸tır. Ayrıca 850oC sıcaklık altında termal yorulma
testi yapılmıs¸. Termal yorulam testleri ısıtma sog˘utma olacak s¸ekilde çevrimsel olarak
gerçekles¸tirilmis¸tir. Yüzey üzerinde oksit çatlag˘ı tespit edilene kadar test devam
ettirilmis¸tir. Sonuç olarak aluminyum alas¸ımlı AlSiMo dökme demirlerin termal
yorulma dirençleri tespit edilmis¸tir. Yüksek Si-Mo içerikli dökme demirlere göre
iki kat daha iyi oldug˘u gözlenmis¸tir. Buna ek olarak elektro-kimyasal korozyon testi
aluminyum alas¸ımlı yüksek silisyum ve molibdenli dökme demirler için yapılmıs¸tır.
Yirmidört saat süren bu test, tuz püskürtme s¸ekliden 35oC sıcaklık altında yapılmıs¸tır.
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Gözle görülür bir s¸ekilde, aluminyum katksının elektro-kimyasal korozyon direncini
arttırdı ispatlanmıs¸tır.
Sonuç olarak, AlSiMo alas¸ımlı dökme demirler, aluminyumun yüzey üzerinde seçici
difüzyon ve oksidasyonundan kaynaklı, malzemenin yüksek sıcaklık oksidasyon
direncini arttırmaktadır. Yüzey üzerinde olus¸an ince oksit filmi termal yüklemelere
kars¸ı dayanıklıdır ve aynı zamanda metal içine oksijen difüzyonunu engellemektedir.
Yapı içeresindeki aluminyum katı eriyik sertles¸mesine sebep oldug˘u için, malzemenin
mekanik özelliklerinde de artıs¸ görülmektedir. Termodinamik hesaplamalar ve yapılan
deneyler bir biriyle uyumludur.
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1. INTRODUCTION
The exhaust manifold collects the exhaust gas from the cylinder head and throws out it
through the exhaust pipe [1]. It is exposed to hot and corrosive exhaust gases combined
with both thermal - and strain cycling during engine operation. It is shown in a
schematic heavy-duty diesel engines exhaust-turbo manifold in the Figure 1.1. This
kind of manifold consists of three subparts and middle part called as a turbo manifold,
which is a double-channel compound and it is subjected to highest loads due to the
boosted mass flow of exhaust gases and also to the additional load from the weight of
the turbo charger.
Figure 1.1: Schematic description of the hot end exhaust system of a six-cylinder
Ford Otosan Eqotorq 9L diesel engine, showing the exhaust manifolds
connected to a turbo manifolds.
Thermal stresses of exhaust manifolds have increased significantly in the last two
decades. Nowadays, to raise the engine performance and overall efficiency is the most
encountered challenge for the automotive industry, and at the same times, customer’s
expectation for safety, fuel economy and price would be fulfilled. Increasing efficiency
and the new demands regarding the emissions causes the exhaust gas temperatures to
increase [2]. All the state factors are taken into consideration, it is obviously seen
that exhaust manifolds are operating very high thermal and mechanical stresses and
requires new design approaches and material selections.
There are several demands on the exhaust system and they can be listed as follows;
1
• The backpressure in the exhaust system should be kept minimum.
• Acoustics need to be optimized.
• Durability and life must be high concerning thermal loads/vibrational
loads/corrosion.
• Cost must be minimized.
• Emission standards should be fulfilled.
1.1 Purpose of Thesis
Considering all these demands on hot end exhaust systems, it is aimed that while
increasing the high temperature oxidation, creep and fatigue resistance, it is intended
to improve engine performance, reduce weight, and also increase the cost efficiency.
In this case, we need to investigate;
• How to minimize thermal stresses
• How to minimize thermal deformations
During the study, we focus on improvement of High Si-Mo Ductile Iron by
adding Aluminum for increased high temperature oxidation and thermal fatigue
life in exhaust gas temperatures up to 1000oC. Additionally, this study includes
computational thermodynamic calculations for the investigation of thermochemical
and thermodynamics properties of Al-Si-Mo Cast Alloys and their high temperature
oxidation behavior.
1.2 Failure Modes of Exhaust Manifolds
There are three main failure mechanism of exhaust manifolds. These are
• Thermo-mechanical fatigue,
• High cycle fatigue,
• Gasket leakage due to the cyclic plasticity.
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In the aspect of thermo-mechanical fatigue, main factor is thermal loads, which
are extreme temperature amplitudes and gradients, that cause the crashes of exhaust
manifolds.
If the deformation in elastic region and applied stress level is relatively low, high cycle
fatigue damage occurs. Vibrational loading due to the weight of turbocharger and close
coupled catalyst, causes high cycle fatigue damage [3]. This kind of failure mode is
not frequently observed.
The most encountered failures are manifold cracking caused by thermo-mechanical
loading and exhaust gas leakage.All of them are connected to the materials selection,
product design and boundary conditions. Next subsections, failure mechanism and
sub-failure modes will be explained and discussed.
1.2.1 Thermo-Mechanical Fatigue
Integrated thermal and mechanical loading lead to ThermoMechanical Fatigue(TMF).
In this context, stresses and temperatures depend on time. This type of loading
can be more detrimental compared to isothermal fatigue at the maximum service
temperature. Material properties, mechanical strain range, strain rate, temperature,
and the phasing between temperature and mechanical strain all play a vital role in
the thermo-mechanical fatigue failure formed in the material [4]. Thermo-mechanical
loading is very often attained in start - stop cycles of high temperature components
such as exhaust manifolds, engine cylinder heads, etc.
When comparing between isothermal and thermo-mechanical fatigue, it is the major
difference is constraint. When increasing temperature, materials tend to expand. This
expansion creates a tensile strength and it is often constrained by the surrounding
cooler material. In that way, thermal strain is transformed into mechanical strain
due to the fatigue damage in the material. If all the thermal stain is converted into
mechanical strain, it can be claimed that total constraint occurs. Ratio of the thermal
and mechanical strain rates give us measure of the degree of constraint.
Thermo-mechanical loading is frequently defined to be in-phase (IP) or out of phase
(OP). A schematic view of TMF loading pattern under these two loading is given in
Figure 1.2 [5]. In IP loading, the maximum temperature and strain happen at the
3
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Figure 1. In-phase and Out-of-phase TMF loading patterns
The more sophisticated models require many variables and associated parameters in
the life equations, to represent the principal damage mechanisms. Stabilised values of
the variables are used in the life equations, since when cyclic loading is first applied, a
number of shakedown cycles are often needed to stabilise conditions. The variables
include elastic, inelastic, and total strain-ranges, dissipated strain energy, temperature,
frequency, hold time, strain rate, and mean stress (Chaboche 1982).
3. Life Prediction Methodologies
Thermo-mechanical fatigue life prediction models take into account the interaction
between fatigue and creep at varying temperatures. The difficulty in understanding
and predicting the interaction behaviour has stimulated significant research effort in
finding good life prediction models. The models used include damage-based criteria,
stress-based criteria, strain-based criteria and energy-based criteria. The following
review focuses on the more popular and advanced TMF models, comprising the
Damage Summation (DS), Frequency Separation (FS), Ductility Exhaustion (DE),
Strain-Range Partitioning (SRP), Total Strain Version of SRP (TS-SRP), and Strain
Energy Partitioning (SEP).
3.1 Damage Summation Model
The linear Damage Summation (DS) model (also called the linear life fraction, or linear
cumulative damage) is the simplest expression for creep-fatigue life prediction. It
ignores the microstructural details of the damage process. It was introduced first by
Taira (1962) as follows:
Figure 1.2: In-phase and out of phase TMF loading pattern.
same time. In OP loading, the material undergoes tension at lower temperatures and
compression at highest temperature. Oxidation damage can be probably caused by OP
loading because oxide film can form in compression strength at the higher temperature
and then rupture during the following low temperature since the oxide film is more
brittle under the tensile strength caused by the OP loading [4].
The total fatigue damage per cycle is defined by summing the damage due to
mechanical fatigue, creep and oxidation, respectively. It is described in Equation 1.1
& 1.2 [6] [4]:
Dtot = D f at +Dox+Dcreep (1.1)
in terms of fati e cycles,
1
Ntot
=
1
N f at
+
1
Nox
+
1
Ncreep
(1.2)
1.2.1.1 Creep Mechanism
Basically, creep is a diffusion process. At high stresses, creep is controlled by the
movement of dislocations. It is an example of self diffusi n process. Dislocation creep
has a strong dependence on the applied stress and no grain size dependence. At lower
4
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Figure 1.3: Creep damage in Type 316 stainless steel.
stresses, diffusion exists along the grain boundaries. It is shown in Figure 1.3 [6] that
a triple point crack formed at the intersection of grains. As a result of grain boundary
sliding, these microcracks shown in Figure 1.3 [6] form along the elongated grains.
Creep is highly temperature and time dependent. Unlike the dislocation creep, grain
boundary diffusion(Coble creep) to have a stronger grain size dependence.
The creep damage formulation shown in above Equations 1.3 & 1.4 is described by
literature [4]:
1
Ncreep
=
∫ tc
0
AcrΦcr exp
(−∆Hcr
RT
)(
α1σ¯ +α2σh
K
)m
dt (1.3)
where σ¯ is equivalent stress, σH the hydrostatic stress and K the drag stress. α1 stress
state constant and α2 hydrostatic stress sensitivity constant. Φcr is the Creep Phasing
Factor and it is described in following Equation 1.4.
Φox =
1
tc
∫ tc
0
exp
[
−1
2
( ˙εth/ ˙εmech−1)2
ξ creep
]
dt (1.4)
where ξ creep defines the sensitivity of the phasing to the creep damage. It is commonly
supposed that creep damage occurs under the IP loading [7].
1.2.1.2 Oxidation Mechanism
The oxidation damage is caused by periodic formation of an oxide layer at the crack
tip and its rapture [7]. In OP loading, when the material is hot and in compression
load, an oxide layer can grow on the surface of material. The cross-section view of
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Figure 1.4: Oxidation Damage in Steel.
oxidation damage is seen in Figure 1.4 [6]. The oxide layer comes to be brittle at the
lower temperature. Under the mechanical strain, the oxide film cracks and new clean
metal surfaces emerge. This clean metal surfaces will quickly oxidize and the process
duplicates itself during the new mechanical strain cycle. In the end, this cyclic process
will create a crack, and it can be grown under the cyclic loading.
Oxide cracks can also form on the surface during IP loading. In that situation, during
the heat up cycle, the oxide films grow on the surface, while the material is in tension.
After the rapidly cooling, the oxide film expose a buckling moment and the fracture of
oxide scale occurs. Oxidation damage is not a dominant under the isothermal loading
conditions and rupture is not observed. Oxide film forms easier and faster at higher
temperatures.
According to the study of Neu and Sehitoglu [4], oxide damage will happen when the
strain range greater than a threshold for oxide cracking. Equation 1.5, 1.6, and 1.7
describe the oxidation damage and total cycles to failure due to oxidation.
i f∆εmech > ε0
1
Noxidation
=
[
Hcr
ΦoxKpe f f
]− 1β 2(∆εmech) 2β +1
ε˙1−
b
β
(1.5)
ε0 threshold strain for oxide cracking.
Hcr constant related to critical oxide thickness
β mechanical strain range exponent
b thermal strain rate sensitivity exponent
6
Kpe f f =
1
tc
∫ tc
0
D0 exp
( −Q
RT (t)
)
dt (1.6)
where D0 is a constant, Q is activation energy for oxidation and R the universal gas
constant.
Φox =
1
tc
∫ tc
0
exp
[
−1
2
( ˙εth/ ˙εmech+1)2
ξ ox
]
dt (1.7)
ξ ox oxidation phasing constant for thermal and mechanical strains.
Oxidation damage depends on strain rate, strain range and temperature. Oxidation rate
is determined by the effective parabolic oxidation constant in Equation 1.6.
1.2.1.3 Fatigue Mechanism
Fatigue damage is crack growth and crack growth propagation caused by the cyclic
loading. In the Figure 1.5(a) & 1.5(b) [8], an example of thermal fatigue crack is
shown due to higher plastic strains [8]. As can be shown in Figure 1.5(b), A lot of
microcrack form on the surface. However, some of them are able to nucleate into the
bulk.
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(a) SEM image of surface crack.
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(b) Cross section view of crack formation.
Figure 1.5: Formation of Surface Crack in Austenitic Steel.
Fatigue damage occurs at high strain ranges, strain rates and low temperatures [4].
Oxidation and creep effect are also negligible.
∆ε
2
=
σ ′f
E
(
2N f atigue
)b
+ ε ′f
(
2N f atigue
)c
(1.8)
where σ f is the fatigue strength coefficient, E is the Young’s modulus, b is the fatigue
strength exponent, ε ′f is the fatigue durability coefficient, and c is the fatigue durability
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exponent. These constants above are determined from isothermal room temperature
fatigue tests.
1.3 High Temperature Oxidation
High temperature oxidation plays an significant role in the selection of hot end exhaust
system materials in especially automotive industry. As mentioned before, Oxide
formation occurs easily and faster at high temperature. For this reason, most high
temperature alloys are designed to react with the oxidizing environment in such a way
that a protective oxide scale forms [9].
Oxide scale should behave a slow rate, strong adherence to the substrate, a high
chemical stability and free of defects. Generally speaking, an alumina, chromia and
silica scale can satisfy these requirements for high temperature oxidation resistance.
1.3.1 Thermodynamics Aspects
The metal initially absorbs oxygen and then chemical reaction ensues to form an oxide.
Thus, the oxide first nucleates and then grows to form a scale on the metal surface.
According to its oxidation kinetics, this oxide scale may protect the metal surface or
not.
In General, oxide formation can be related by the reaction 1.9:
2x
y
M+O2 =
2
y
MxOy (1.9)
where MxOy is the product of metal M and oxygen O2. Under equilibrium conditions,
the equilibrium constant of reaction 1.9 can be written as follow:
K1 =
a
2
y
MxOy
a
2x
y
MPO2
(1.10)
where K1 is the temperature-dependent equilibrium constant, ai is the activity of
species i, and PO2 is the partial pressure of oxygen. The oxidant gas,which is oxygen
in this context, can behave as an ideal at relatively high temperatures, so the activity of
oxygen can be estimated by its partial pressure in atmosphere.
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The reaction occurs spontaneously, if the overall Gibbs free energy change∆G is
negative. The Gibbs free energy change is written as:
∆G= ∆Go+RT ln(K1) (1.11)
where ∆Go is the standard Gibbs free energy, T is temperature, R is the gas constant.
If ∆G= 0, the system is at equilibrium, the Equation 1.11 becomes as
∆Go =−RT ln(K1) (1.12)
Equation 1.10 and 1.11 determine the minimum oxygen partial pressure to form the
oxide scale. If the dissociation partial pressure is less than the ambient partial pressure
of oxygen, the oxide scale can be formed on the surface.
In order to estimate whether the reaction takes place under given conditions, the
Elingham Diagram, which summarize the temperature dependence of standard Gibbs
free energy for various common oxidation reactions at PO2 = 1atm can be used [10].
It is demonstrated in the Ellingham Diagram shown in Figure 1.6 [11] that the lower
lines, which has more negative the standard free energy, indicate to form more stable
oxide scale. In other words, Elements with higher oxygen affinity has relatively low
the standard Gibbs free energy to form the oxide scale. For example Al2O3 and SiO2
are more stable than FeO,NiO because their lines lower in Figure 1.6.
9
and
CO2 ¼ COþ 1
2
O2;K10 ¼
PCOP
1=2
O2
PCO2
½10$
where K9 and K10 are the temperature-dependent
equilibrium constants for reactions [9] and [10],
respectively. Thus, the PO2 may be determined from
these equilibrium constants if the equilibrium PCO/
PCO2 or PH2/PH2O ratios are known. In oxygen-lean
gases containing both H2O and CO2, the PO2 is usu-
ally determined by the H2–H2O reaction [9] since
steam is more reactive than CO2. Moreover, for a
controlled laboratory experiment, it is preferred
practice to facilitate the equilibrium by using a
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Figure 1 Ellingham diagram showing the standard Gibbs energies of formation of selected oxides as a function of
temperature. Reproduced from Gaskall, D. R. Introduction to the Thermodynamics of Materials, 5th ed.; Taylor & Francis:
New York, 2008.
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F gur 1.6: The Elli gham Diagram.
1.3.2 Kinetics of Oxide Formation
It is shown in Figure 1.7 [12] that the rate of oxide formation divided into three groups.
These are linear rate law, logarithmic rate low and parabolic rate law. The general law
can be written as :
xn = kt+C (1.13)
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where x is the thickness of the oxide, k is rate constant, t is the oxidation time, C is the
integration constant, and n is the power exponent.
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Figure 1.7: Schematic description of various oxidation type.
When n equals 1, it is stated that the linear rate law is used. Phase boundary reaction
controls the kinetics rather than a transport process due to the results of linear rate law.
Linear kinetics is also possible if the oxide is volatile or molten, if the scale spalls or
cracks, or if a porous, non-protective oxide forms on the metal [11].
Second, the logarithmic rate law is used at low temperatures (i.e., T < 300−400oC),
and oxidation rates are often inversely proportional to time.
dx
dt
=
k
t
(1.14)
When integrate to both of sides, oxide thickness can be written in this form,
x= ka log(kbt+1) (1.15)
where ka and kb are constants. Logarithmic oxidation rate law is usually employed for
relatively thin oxide scales at low temperatures [10].
Third, when n equals 2, the oxide growth mechanism is expressed to the parabolic
rate law. In the high temperature growth, the oxidation rate is controlled by diffusion
through the scale [13] and the classic Wagner’s theory assumes parabolic kinetics.
When integrate to Equation 1.14, then it forms as,
x2 = 2k′pt+C (1.16)
where kp = 2k′p is parabolic rate constant.
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In high temperature oxidation kinetics, the parabolic rate law is always used. The
relatively thick scale due to the diffusion dominates reaction rates. Growth of the
diffusion controlled oxide scale is thermally activated. According to the Arrhenius
equation, the rate increases exponentially with temperature as given in Equation 1.17
kp = ko exp
(−Q
RT
)
(1.17)
where ko is a constant, and Q is the activation energy for oxide-scale growth.
On the other hand, according to Wagner’s Theory, Assumptions about oxide formation
are listed as follows:
• The formed oxide scale is dense, well adhered to a metal surface and non-porous.
• Oxygen has only limited solubility in the metal.
• There are no space charge effects across the oxide and at the metal/oxide and
oxide/gas interface.
• At each place in the scale as well as at the interfaces, local thermodynamic
equilibrium is established.
As pointed out in Figure 1.8 [14], the oxide formation includes fluxes of both ionic
and electronic charged species. The driving forces for these fluxes are connected to
the chemical potential gradient and electrostatic field. The relative migration rates of
cations, anions, electrons, and electron holes must also be balanced such that no net
charge build up occurs within the scale [10].
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migration rates of cations, anions, electrons, and elec-
tron holes must also be balanced such that no net
charge build up occurs within the scale.
Wagner derived an expression for the parabolic
rate constant in terms of the electronic and ionic
conductivities of the oxide or, alternatively, in terms
of the self-diffusion coefficients of the reacting ions in
which parameters can be measured relatively easily.
Limiting cases of Wagner’s derivation are as follows14:
k
0 ¼ 1
RT
ðm0M
m00M
DM dmM ½29#
and
k
0 ¼ 1
RT
ðm0X
m00X
DX dmX ½30#
where k 0 is the parabolic rate constant with units of
cm2s$1,DM andDX are the self-diffusion coefficients for
metal, M, and nonmetal, X, through the scale, respec-
tively, and mM and mX are the chemical potentials for the
metal and nonmetal. Equation [29] is valid when cation
diffusion predominates and eqn [30] is validwhen anion
diffusion predominates. The good agreement between
parabolic rate constants calculated from diffusivities and
the oxidation rate constants measured experimentally
have provided validation for Wagner’s theory.25,26
Because the diffusion flux within the oxide is
proportional to the defect concentration, eqn [28]
can be used for a p-type oxide to arrive at the follow-
ing relation for the oxidation rate:
k
0 / ½ðPoO2Þ1=n $ ðPiO2Þ1=n# ½31a#
where PoO2and P
i
O2
are the oxygen pressures at the
scale/gas interface and metal/scale interface respec-
tively, and n is an integer related to the cation vacancy
or oxygen interstitial charge. For an n-type oxide, use
of eqn [27] gives:
k
0 / ½ðPiO2Þ$1=n $ ðPoO2Þ$1=n# ½32a#
where in this case n is related to the oxygen vacancy
or cation interstitial charge. In most cases, the ambi-
ent oxygen pressure PoO2 is much greater than P
i
O2
,
which is the dissociation pressure (PdissO2 ). Thus, eqns
[31a] and [32a] can be approximated to give
k
0 / ðPoO2Þ1=n for a p-type scale ½31b#
and
k
0 / ðPiO2Þ$1=n for a n-type scale ½32b#
These equations show that the growth rate of a
p-type oxide is directly dependent on the oxygen
partial pressure in the atmosphere. By contrast, the
P!!
Metal      M Oxide MO Gas O2
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Anions 
Electrons  
M = M2++ 2e– or 
M + O2–= MO + 2e– 
M2++ 2e–+½O2= MO or 
½O2+ 2e
–= O2–
1/2)(pO2
2RT
a!M = 1
Electron holes 
O2
!pO2= exp
"∆GMO
aM!  = exp
∆GMO"
!!RT
Figure 7 Transport processes according to Wagner’s theory. Adopted from Birks, N.; Meier, G. H. Introduction to High
Temperature Oxidation of Metals; Edward Arnold: London, 1983.
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Figure 1.8: Schematic illustration of Wagner’s theory for transport process.
1.4 Materials
Hot end exhaust systems such as exhaust manifolds are the hottest part of the engine.
Materials selection is a b g challenging due to the higher demands from exhaust
manifolds but the main desired property is always heat resistance. For this reason,
ferritic or austenitic ductile cast iron and as well as cast stainless steel are preferred by
automotive companies. According to the literature review, it is demonstr hat there
is a relationship between exhaust manifold service temperature and used materials. It
is shown in Figure 1.9 [15].
According to Figure 1.9, it is shown that there are several cast alloys to used as
exhaust manifold materials but nowadays, four of them commonly used in diesel and
gasoline engines. These are ferritic ductile iron, which is called High Si ductile iron,
High Si-Mo ductile or compacted graphite iron, austenitic ductile iron and ferritic or
austenitic stainless steel.
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More recently, wrought and cast stainless steels have been used.  Figure 3 illustrates generally accepted
maximum temperatures of use for these various alloys.
FIGURE 3—TEMPERATURE LIMITS OF THE VARIOUS EXHAUST MANIFOLD ALLOYS IN USE
Stainless steel fabrications and castings are used when exhaust gas temperatures exceed 870 °C, an
increasingly common occurrence.  Fabricated manifolds, both single wall and dual wall air-gap designs,
typically use Ferritic or Austenitic grades.  The increased emissions and performance requirements of future
engines call for high temperature cast stainless steel manifolds.  Properties of cast and wrought stainless
steels are shown in Tables 4 to 7.  Cast Stainless manifolds are made from Ferritic, Duplex, or Austenitic
grades.  The relative selection preference for selecting these materials, based on properties required in the
application is shown in Table 8.
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Figure 1.9: Temperature limits of various exhaust manifold alloys.
Thermo-physical and thermo-mechanical properties increase from ferritic ductile iron
to stainless steel but machining of product, castability of alloys get harder, and also
cast efficiency decreases.
Materials relative selection preferences are given in Figure 1.10 [15].
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As shown in Figure 1, exhaust manifold alloy demand changes as the exhaust gas temperature increases.
Future applications will likely see an increase in the use of thin-walled exhaust manifolds because of the
following benefits:
a. Lower mass for improved fuel economy
b. Higher engine output through leaner, more controlled combustion
c. Increased exhaust gas temperature, due to more fuel-efficient engines
d. Turbocharging and Supercharging
e. Consumer demand for higher performance engines
f. More extensive shielding to protect under-hood components
g. Consumer demand for lower emissions
It is likely that future engines will require exhaust manifolds to operate at or above 900 °C.  Current materials
used to make exhaust manifolds, such as Si-Mo ductile iron, CB-30 duplex cast stainless steel or ferritic
wrought stainless steels will not provide adequate life at these temperatures.
Cast ferritic stainless steels are currently undergoing development for thin-wall exhaust manifolds.  These
alloys have a low coefficient of thermal expansion compared with Si-Mo ductile irons or cast austenitic
stainless alloys.  They are weldable, and exhibit good oxidation resistance to about 940 °C.  The nominal
composition of this cast alloy is 12.0% Cr, 1.8% Si, and 0.03% C, with small amounts of Nb and Ti as
stabilizers.  Results of oxidation tests conducted in synthetic exhaust gas for this 12% Chromium cast alloy are
compared to wrought 409 and 439 stainless steel in Table 9.  Further development of these alloys is ongoing
and some details of such materials are presented in Table 10.
TABLE 8—RELATIVE SELECTION PREFERENCE
Austenitic Ferritic
Cost Preferred
Coefficient of Thermal Expansion Preferred
Thermal Conductivity Preferred
Elevated Temperature Strength Preferred
Oxidation Resistance Preferred
Fracture Toughness Preferred
Weldability Preferred
Formability Preferred
Hot Salt Corrosion Preferred
TABLE 9—WEIGHT GAIN (g/m2) AFTER 96 h OF OXIDATION AT VARIOUS
TEMPERATURES IN SYNTHETIC EXHAUST GAS
Temperature °C Type 409 Type 439 12% Cr 1.8% Si
650 3.9 1.9 1.3
700 6.1 2.4 1.5
750 7.8 3.3 1.8
800 11.5 4.3 2.8
850 18.3 6.1 4.6
900 149.8 20.6 9.0
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Figure 1.10: Relative Selection Preferences.
Moreover, there are generally three types of cast irons according to their graphite
shape, which is seen in Figure 1.11. These are grey irons, compacted graphite irons
and ductile irons.
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By adding high amounts of nickel, a fully austenitic material can be 
received at all temperatures. Elements, such as Mn, Cu and N also have the 
effect of stabilizing the austenitic phase. Similarly, the ferritic phase can be 
stabilized by adding Cr, Ti, Mo, W, Si or Al. With stabilizing, it means that 
the thermodynamically stable temperature range of the phase is being 
extended, i.e. the transformation temperature, at which ferrite is transformed 
into austenite on heating (or vice versa on cooling) is changed. This 
temperature is referred to as the A1-temperature.  
 
 
F igure 3. Illustration of different graphite morphologies of graphitic cast 
irons, such as grey iron, compacted graphite iron and ductile iron.  
The ferritic cast irons have a higher thermal conductivity and lower 
coefficient of thermal expansion compared to austenitic alloys, which is an 
advantage for alloys used in exhaust applications as it enhances the fatigue 
life. The austenitic alloys, on the other hand, have other advantages in form 
of higher strength at high temperatures, making them a better choice for 
high-temperature applications. The reason for the higher strength of the 
austenite structure is that it has fewer slip systems compared to the ferritic 
structure, making it harder for deformations to occur5. Another factor 
contributing to the higher strength of austenite is that its fcc (face-centered 
cubic) structure allows a higher level of interstitial carbon in the structure 
Graphitic 
cast irons 
Ductile iron Compacted 
graphite 
iron 
Grey iron 
Figure 1.11: Types of cast irons according to their graphite morphology.
A shown in Figure 1.11, the graphi e phase in grey cast iron appears as individual flake
shape. Flake graphites are elongated and randomly oriented. Usual microstructure of
gray iron is a matrix of pearlite with graphite flakes dispersed throughout. Generally
it contains 3 - 4 wt% carbon. Cooling rate affects the microstructure dominantly. It is
always desired to have very slow cooling rate in the automobile industry application.
Very slow cooling of irons that contain large percentages of silicon and carbon is likely
to produce considerable ferrite and pearlite throughout the matrix, together with coarse
graphite flakes [16].
The most important weakness of grey cast irons is their lack of toughness associated
with the brittleness and morphology of the graphite flakes, which promote the initiation
and propagation of microcracks [17].
Second type of cast iron is compacted graphite iron, which is also called vermicular
graphite, upgraded or semiductile cast iron. The graphite morphology is relatively
complex compared to grey and ductile irons. Compacted graphites appear as
spheroidal and vermicular particles. Vermicular graphites are shorter and thicker, and
have rounded edges to compared with flake graphite. They are interconnected within
the eutectic cell. These interconnected graphites supplies better thermal conductivity.
As mentioned before, compacted graphite iron consists some spheroidal graphite
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particles. These number of nodular graphites determine such properties as castability,
machinability and thermal conductivity.
Ductile cast iron is schematically shown in Figure 1.11. Spheroidal graphite
morphology is obtained by means of a special liquid metal treatment. As in gray cast
iron, cooling rate affects the graphite morphology. For homogeneous nodular graphite
morphology, very slow cooling rate is necessary. Ductile cast iron is much stronger and
has higher tensile elongation than gray irons. Ductile iron can be alloyed with larger
amount of silicon, chromium, nickel or copper to improve high temperature oxidation,
corrosion and abrasion properties.
1.4.1 High Si-Mo Ductile Iron
The current maximum temperature of diesel exhaust gases in heavy-duty diesel engines
is approximately 750oC. Up to this temperature, the most widely used material is High
Si-Mo Ductile Iron. High Si-Mo consist of ferritic iron matrix, spheroidal graphite and
M6C participates along the grain boundaries. High silicon and molybdenum content
are added to matrix for improving corrosion resistance, mechanical strength at high
temperatures, respectively. Chemical composition of High Si-Mo is given wt % in
Table 1.1.
Table 1.1: Chemical Composition of High Si-Mo Alloys.
Alloy C Si Mn Cr Ni Mo Mg
High-SiMo 3.17 4.15 0.4 0.1 0.04 0.86 0.04
1.4.2 Austenitic Ductile Iron
When the exhaust-gas temperature is increased, this alloy shows limitations as
mentioned before. Therefore, many manufacturers change the materials despite of
expensive,which is named austenitic ductile iron(Ni-resist D5S), commonly used in
gasoline engines’ exhaust manifolds. Due to the its microstructure, it has higher
strength at high temperature but the oxidation resistance is relatively lower than the
High Si-Mo. According to ASTM A439 standard, D5S which is commonly used in
exhaust manifolds containing 34-37 wt % Ni, 4.90 - 5.50 wt % Si and 1.75 - 2.20 wt
% Cr.
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1.4.3 Stainless Steel
Final material group used in exhaust manifolds is cast stainless steel. Both ferritic
and austenitic cast stainless steels are used due to the high cost of austenitic ductile
iron. It is known that these alloys show high strength and corrosion resistance at high
temperatures due to the fact that they consist of high Ni and Cr content. However,
stainless steel shows poor castability due to its low carbon content and consequences of
higher melting temperatures. Low carbon content can also affect to the microstructure,
negatively. It contains large grains and for this reason, ductility and fatigue life
decrease. Consequently, ferritic steel are used to exhaust manifolds made of sheet
metal obtaining grain size reduction by metal forming [18].
On the other hand, The end point of this work is austenitic cast stainless steel. They are
generally used in high-power gasoline engines under 1000oC exhaust gas temperature.
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2. THERMODYNAMIC ASSESSMENTS
2.1 Introduction
New and demanding applications assemble to development of new materials are
critical for persistent improvements in the quality of human life. Conventionally,
Materials science and engineering has mostly focused on structure property relations,
measuring material properties and, processing materials. This practical approach is to
change toward the design of materials for optimal functionality, driven by advances in
computational materials science in the last few decades [19].
Phase diagrams have mainly been the domains of a limited number of specialists
because of the complications many scientists and engineers have in understanding
them, especially at the ternary and higher-order level [20].
Since phase diagrams are generally used to point out only binary and ternary alloys,
their use has also been seen as rather academic, as almost all real materials are
multi-component in nature. The CALPHAD method has changed this perspective as
it is now feasible to calculate the phase behavior of highly complex, multicomponent
materials based on the extrapolation of higher-order properties from their lower-order
binary and ternary systems [21]. In addition, the method can be joined with kinetic
formalisms so that we could recognize and predict how materials act in conditions
away from equilibrium, which enhances its value.
There are many applications of theoretical thermodynamic models, as these are the
basis of the CALPHAD method. Nothing would be possible without the existence
of the computational methods and software, which allow these models to be applied
in practice [20]. In principle, subjects involved in computational methods are less
different and mainly revolve around Gibbs energy minimization [22]. Optimizer codes
are used by the computational methods. The prior purpose of these optimizer codes,
which is used for the thermodynamic assessment of phase equilibria, is to reduce the
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statistical error between calculated phase equilibria, thermodynamic properties and the
equivalent experimental values [20].
To sum up, Calphad approach makes easier to understand and calculate true
thermodynamics equilibria properly. It makes connection between theory and
experiments. As can be stated in the above, all real materials are multi component
in the nature and it is not easiest to assess phase diagrams and equilibria. Calphad
Method allows us to calculate and predict accurately real world materials, which is
used in engineering applications. Next section, Calphad approach is defined basically
and discuss about on multi-component applications.
2.2 CALPHAD Aproach
Calculation of Phase Diagrams which is shortly named Calphad [20, 21], is an
analytical representation of Gibbs free energy of each individual phases in a system
in terms of state variables, temperature, pressure and composition etc. [22]. Gibbs
derived the well known equilibrium condition that the chemical potential µϕn of each
component n is the same in all phases ϕ .
µ ln = µ
lln = · · ·= µϕn n= 1,2,3, . . . (2.1)
Gibbs energy of a system depends on the chemical potentials is defined in Equation
2.2.
G=
n
∑
i=1
µixi (2.2)
These definition of the Gibbs energy can be used together with Equation 2.1 in
numerical calculations to minimize the Gibbs energy for prescribed conditions. All of
the Calphad type software tools use methods like the two-step method of Hillert [23]
or the one step method Lukas et al. [24] to minimize the Gibbs energy. For unknown
parameters the ideal values could be obtained by weighted nonlinear least squares
minimization method and they could be solved numerically, for example using a
Newton-Raphson technique. Schematic flowchart of the Calphad Method is presented
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in Figure 2.1. Thermodynamic calculations in this study were carried out by the
Thermo-Calc software [25], using TCFE6 and SSUB4 database.
Figure 2.1: Schematic flowchart of the Calphad Method.
Molar Gibbs energy of a system is described in following Equation 2.3;
G(T ) = a+bT + cT ln(T )+∑
n
dnT n (2.3)
The coefficient a is related to the enthalpy, b is related to the entropy, c and dn describe
the temperature dependence of heat capacity. If we differentiate the Gibbs energy
defined in Equation 2.3, thermodynamic functions, i.e. enthalpy, entropy and heat
capacity, can be derived as follows;
H(T )−HSER = a− cT −∑
n
(n−1)dnT n (2.4)
S(T ) =−b− c− c ln(T )−∑
n
ndnT n−1 (2.5)
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Cp(T ) =−c−∑
n
n(n−1)dnT (n−1) (2.6)
All of them equations are expressed as a power series of temperature and they are
valid for temperatures above the Debye temperature [26]. In Equation 2.4, HSER is the
constant enthalpy values of Stable Element References at 298.15 K and 1 bar because
the enthalpies cannot be defined absolutely [27].
Up to now, Calphad method and its theoretical background are explained. In the next
two section, results of thermodynamic calculations will be presented.
2.3 Thermodynamic Properties of AlSiMo Alloys
Before the thermodynamic calculations of Fe-Si-Al-Mo-C system, state variables and
constants are defined. While calculating the phase diagram of system, temperature and
carbon content are selected as state variables. Pressure is set to 1 bar and system size
is took 1 mole. According to these definitions, optimal aluminum, silicon, and carbon
contents are obtained. Finally, Optimum chemical compositions of AlSiMo alloy are
attained, after the systematic calculations and optimizations.
Calculated phase diagram of Fe-Al-Si-Mo-C multi-component system is shown in
Figure 2.2
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Figure 2.2: Calculated isopleth of Fe-Al-Si-Mo-C system, C section.
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It can be considered as a modified Fe-C phase diagram for the AlSiMo Alloy. It is
obviously seen that α − iron, graphite and M6C phases are stable under the exhaust
manifolds’ service temperatures. The most important thing that eutectoidic phase
transition temperature(A1),which is first, blue, horizontal line shown in Figure 2.2, is
shifted to higher temperature. It means that the service temperature of hot end exhaust
systems is enlarged.
Another calculated isopleth is illustrated in Figure 2.3. The difference between Figure
2.2 and Figure 2.3 is that carbon composition is constant and composition of aluminum
is varied between 0 to 9 wt%.
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
MASS FRACTION OF AL
250
500
750
1000
1250
TE
M
PE
R
AT
UR
E 
(C
)
1
1
2
2
2
2
3
41 3
3
2
2 211
5
52
2
1:KAPPA#2
2:FCC_A1
3:SIC
4:KAPPA#1
5:GRAPHITE
BCC_A2+GRAPHITE+M6C
BCC_A2+GRAPHITE+KAPPA+M6C
FCC_A1+GRAPHITE+M6C
LIQUID LIQUID+GRAPHITE
Figure 2.3: Calculated isopleth of Fe-Al-Si-Mo-C system, Al section.
According to Figure 2.3, it is encountered that there is an κ - carbide phase after
the 5 wt% Al. An upward elbow shape line splits the stable phase region between
room temperature to 1000o C. The κ-carbide phase is FCC ordered phase and it fills
interstitial sites in the structure [28]. This carbide phase increases the hardness locally
but the structure could be brittle.
Results of these calculations gives us an optimal chemical composition of AlSiMo
alloy to use in exhaust gas service temperatures. Chemical compositions are given in
following Table 2.1
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Table 2.1: Chemical Composition of AlSiMo Alloy.
Elements Compositions (wt%)
Fe Balanced
C *** - ***
Al *** - ***
Si *** - ***
Mo *** - ***
Mn 0.1 - 0.2 max.
P <0.04
Cu 0.10 max.
Cr 0.10 max.
Ni <0.1
As mentioned before, the eutectoidic phase transition temperature (A1) is shifted to
higher temperature. In order to better understand, temperature dependent fraction of a
component in all phases diagrams could be observed.
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Figure 2.4: Temperature dependent phase fraction diagram of High Si-Mo Ductile
Iron.
According to Figure 2.4 & 2.5, Colors indicate the stable phases in that composition,
and it is clearly seen that A1 temperature shifted to 1000oC with the addition of
aluminum.
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Figure 2.5: Temperature dependent phase fraction diagram of AlSiMo Alloy.
After that, another important results obtained from calculations are volumetric change
due to the phase transition and temperature dependent heat capacity. With the
increasing temperatures, the materials tends to expand. This expansion is directly
related to the thermal expansion coefficient of materials, and molar volume change
with temperature. In Figure 2.6, Molar volume is linearly increasing at the end of
eutectoidic phase change temperature, and then it abruptly changes. This sharply
decreasing is very detrimental under the cyclic thermal loads.
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Figure 2.6: Temperature dependent volumetric change.
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On the other hand, Aluminum containing High Si-Mo cast iron is linearly increasing
similar to High Si-Mo. However, Molar volume change is decreasing slowly not
abruptly, after the A1 temperature.
In Figure 2.7, thermal expansion coefficients are calculated in post-processing part.
According to Lu X. et all study [29], Molar volume can be expressed as:
Vm =V0 exp(
∫ T
T0
3αdT ) (2.7)
where V0 is the molar volume at the reference temperature, T0. α indicates the
coefficient of linear thermal expansion. Volumetric expansion 2.8 is defined between
room temperature and melting temperature in literature [29].
3α = a+bT + cT 2 +dT−2 (2.8)
Thermal expansion coefficients are assessed based on Equations 2.7 & 2.8. It is seen
on the Figure 2.7 that thermal expansion of aluminum containing High Si-Mo cast
iron is slightly shifted to upper values. However, this slightly change can be ignored.
Generally speaking, it is admitted similar to High Si-Mo cast iron.
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Figure 2.7: Calculated thermal expansion coefficient.
Finally, Temperature dependent heat capacities are calculated both of them and
compared each other. Up to the magnetic phase transition temperature which is the
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peak temperature shown in Figure 2.8, heat capacity values are almost the same for all
compositions. However, the addition of aluminum slightly decreases the heat capacity.
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Figure 2.8: Temperature dependent heat capacity.
2.4 High Temperature Oxidation Model
In this section, High temperature oxidation behavior of AlSiMo alloys are presented.
Oxidation model includes only thermodynamic assessments. Calculations are
performed for 650oC, 750oC, 850oC. Atmospheric conditions are taken as a reference
state, so partial pressure of oxygen (PO2) is set to atmospheric condition.
According to the oxidation model at elevated temperatures, when all phases occurred
on the substrate surface become stable, mass fraction of oxide phases change slightly.
In the calculation of oxide scale structure, the TCFE6 and SSUB4 databases are used
for the matrix and the oxides, respectively. Based on these calculations, Aluminum is
believed to affect the oxide scale by forming a spinel, FeAl2O4 with Fe2SiO4 and the
more protective Al2O3 and SiO2 oxide at exposures in atmospheric condition at 650−
850oC. Additionally, Al2SiO5 oxide phase more heat resistance than other iron-oxides
and silicon-oxides.
The result of high temperature oxidation model for 850oC is seen in below.
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Figure 2.9: Calculated graph of mass fraction depends on partial pressure of oxygen.
In Figure 2.9, oxide phases formed on the bulk surface could be detected easily. Partial
pressure of oxygen decreases to inner sides. If we schematically describe this graph, it
can be drawn as in Figure 2.10.
Figure 2.10: Cross-sectional view of oxide scale.
According to the calculation result, hematite, aluminasilicate, ironaluminate, fayalite
and quartz phases are grown on the substrate surface. The arrow indicates flow of
CO−CO2(g). Especially, aluminasilicate and ironaluminate make protective layer on
the surface which block the diffusion of oxygen inside the bulk, and also these oxide
phases increase the thermal resistance of materials.
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3. EXPERIMENTAL STUDIES
In this chapter, it is aimed to show results and validations obtained from the
thermodynamic assessments. Mostly, it is emphasized on high temperature oxidation
and thermo-mechanic behavior of AlSiMo Alloys under the high thermal loads but
first casting procedure, and sample preparation techniques are explained, respectively.
After that TG /DTA measurements are discussed for detecting A1 temperature, and to
compare with the calculation results. It is one of the significant outcome from the study.
Another important outcome obtained from experimental studies are high temperature
oxidation and thermal fatigue test at elevated temperature. These test results reveal
how the material is resistant and durable against very high thermal loads. Finally,
micro-hardness tests and accelerated corrosion test are discussed.
Flow chart of sample preparation and characterization are presented in Figure 3.1.
Casting 
Cutting, Grinding 
& Polishing 
Optic Microscopy 
SEM/EDS 
XRD 
GDOES 
Thermal Fatigue  
Test High Temperature Oxidation Test 
TG/DTA 
Weight Gain 
Measurement 
Mg 
Treatment 
Hardness Test 
Figure 3.1: Flow Chart of Sample preparation & characterizations.
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3.1 Casting
In addition to thermophysical, thermomechanical and thermochemical properties of
materials, casting properties are also significant for serial production. Even if the
material has superior features, it is not useful unless it is castable. First experiments
are conducted in a lab. scale induction furnace shown in Figure 3.2 below.
High frequency melting With small furnace without small furnaceFigure 3.2: igh Frequency Induction Furnace.
100 - 150 grams of samples have been prepared in the furnace. There are two
main crucible to be used for smelting. One of them is used in induction furnace to
smelt iron, the other one is used for alloying liquid metal with aluminum. Alloying
crucible is also used for magnesium treatment process. It is needed for making
the spheroidal shape graphite in the microstructure. The only disadvantage of lab.
scale casting is that cooling is not achieved in a controlled manner. As a result of
micro-scale casting experiments, it is proved that aluminum containing High Si-Mo
cast irons can be casted flawlessly. After the micro-scale casting, Casting of AlSiMo
alloys are performed in Demirsoy Foundry which has a medium frequency induction
furnace. 300 kilograms of alloys, which have a different aluminum composition are
casted. After sand casting, products are slowly cooled down in sand molds. Finally,
chemical composition analysis are performed by Optic Emission Spectrometry and
X-ray Florescence technique.
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According to the casting results, it is decided that experiments will be continued with
three remarkable compositions. These are shown in Table 3.1. Sample names indicate
increasing of aluminum content systematically.
Table 3.1: Chemical Composition of AlSiMo Alloys used in experiments.
Sample Name Fe Al Si Mo C
AL0 Balanced 0 wt% ** wt% ** wt% ** wt%
AL3 Balanced ** wt% ** wt% ** wt% ** wt%
AL4 Balanced ** wt% ** wt% ** wt% ** wt%
3.2 Microstructural Analysis
In this section, Optic microscope(OM) and scanning electron microscope(SEM)
equipped with energy-dispersive spectroscopy(EDS) are used for microstructure
characterization. The studied materials are AlSiMo cast iron alloyed with different
aluminum content described in Table 3.1. As can be seen in Figure 3.3(c), 3.3(d)
the microstructure of aluminum containing alloys are showing compacted graphite
distributed in a ferritic matrix. Graphites in the iron matrix are elongated and
randomly distributed just like in grey iron, but they are shorter and thicker, and
also have rounded edges. They appear as individual worm-shaped. Unlike the
microstructure of aluminum containing High Si-Mo, the microstructure of aluminum
free cast alloy(AL0) is showing imperfect spheroidal graphite [16] in the iron matrix.
it is obviously determined that addition of aluminum in High Si-Mo irons affects
the graphite shapes in the iron matrix. There might be several reasons to change
microstructure such as carbon content, casting procedure etc. which however, were
not observed in this work.
When comparing with the microstructure of High Si-Mo iron and AlSiMo alloys, the
graphite size is smaller in the AlSiMo alloys because of the carbon content.
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(a) Microstructure of High Si-Mo Ductile
Iron.
(b) Microstructure of aluminum free AlSiMo
Alloy.
(c) Microstructure of AL3 AlSiMo Alloy. (d) Microstructure of AL4 AlSiMo Alloy.
Figure 3.3: Optic Microscope Images of High SiMo & AlSiMo Alloys.
When etching the samples with 2 % nitel solution, dendrites are observed in the
microstructure of studied alloys characterized by scanning electron microscope. This
could result in cooling condition after the casting. Additionally, M6C(M = Mo or Si)
type carbides calculated by computationally are not detected in the microstructure. It
is suggested that the size of carbides precipitates is very small to observed, and the
resolution of microscope is not sufficient.
According to the EDS results, when the dendrites are observed in detail, it is
demonstrated that the aluminum content in the dendrite is more than the ferrit matrix.
A region where graphite and dendrites can be seen together, when a line scan is
performed indicated arow direction. It is clearly seen in Figure 3.5(a) and 3.5(b).
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(a) Back-scattered electron image of AlSiMo
Alloys.
(b) Secondary - electron image of AlSiMo Alloys.
Figure 3.4: Micrograph images showing the etched (Nital 2%) microstructure of
AlSiMo.
Graphite Region Iron matrix Dendrite Region 
Figure 3.5: Line scan for energy-disperse spectroscopy in microstructure of AlSiMo
Alloy.
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3.3 Thermogravimetric and Differential Thermal Analysis
Thermogravimetric & differential thermal analysis are performed for determining the
A1 temperature of AlSiMo alloys with addition of aluminum. 20 milligrams of
samples are used in this measurements. During the analysis, there are two signals,
which are weight loss/gain (TG curve), and heat flow/rate(DTA curve), to record. TG
curve can be used to extract an information on changes in sample weight, thermal
stability, and kinetic parameters for chemical reactions in the samples. Derivative of
the measured weight gain/loss curve can be used to reveal if there is any weight lost of
the relevant material.
In the differential thermal analysis, studied sample and inert reference sample are
conducted identical thermal cycles, and then any temperature difference between
sample and reference is recorded. After the measurement, differential temperature
is plotted against time. The peak direction shows us if the reaction is endothermic (↓)
or exothermic (↑). The phase transitions are always endothermic reaction. The peak
orientation is downward.
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Figure 3.6: Differential Thermal Analysis Result of AL3 sample.
As can be shown in Figure 3.6, Low carbon steel is used as a reference to compare
with aluminum containing high Si-Mo iron. Downward peak indicates the endothermic
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Figure 3.7: Calculated A1 Temperature of AL3 sample.
reaction and it is stated that phase transformation begins at 738oC and 955oC for low
carbon steel and AlSiMo alloy, respectively. These are the onset values. In Figure
3.7, it is seen that the phase transition begins at 973oC. It is also known that the A1
temperature for low carbon steel is 723oC according to metastable Fe-C phase digram.
When compering to calculated and measured A1 temperatures for Low carbon steel
and AlSiMo alloy, it is obviously shown that calculated value is in good agreement
with measured A1 temperature. The percentage error is approximately 2 %. The
accuracy of these calculations are proven by this measurement. Consequently, with
the addition of aluminum, the A1 temperature in Fe-C phase diagram is shifted to
higher temperature.
3.4 High Temperature Oxidation Test
One of the most important material properties is high temperature oxidation
resistance for exhaust manifolds due to operating at very high temperature condition.
Additionally, they are not actively chilled. For this reason, high temperature oxidation
test of AlSiMo alloys is conducted at elevated temperatures.
Test samples are cut fromm as-cast ingots. Coupons with size of approximately 15 x 10
x 5 mm are prepared for the oxidation test conducted in air. For each AlSiMo alloys,
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ten replicate samples are used. Totally 30 samples are employed for each oxidation
condition. After the cutting, test samples are ground with SiC paper down to a finish of
800 grit, and then they are ultrasonically cleaned with acetone for 15 minutes, washed
with alcohol.
Oxidation test in ambient condition is performed in a chamber furnace at 750oC and
850oC for 96 hours. Before the tests, weight of samples are noted for calculating the
weight gain or loss during the test period. Oxidized samples are checked in certain
periods and recorded weight due to the forming oxide scale on the material surface.
Weight Gain results are given in Figure 3.8(a), 3.8(b).
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(a) Oxidation Behavior of AlSiMo Alloys at 750oC.
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(b) Oxidation Behavior of AlSiMo Alloys at 850oC.
Figure 3.8: Results of Weight Gain Measurements at Elevated Temperatures.
After the oxidation tests, samples are shown in Figure 3.9.
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(a) (b) (c) 
T=850oC 
t= 96 h. 
(a) 
(b) (c) 
T=750oC 
t= 96 h. 
Figure 3.9: Oxidized samples at elevated temperatures. (a) represents to AL0, (b) to
AL3 and (c) represents to AL4 alloy.
Aluminum free samples(AL0) has a thick oxide scale while the others are bright and
have thin oxide layer. According to the weight gain results, shown in Figure 3.8(a),
3.8(b) it is recognized that why AL0 samples are more opaque. It is shown in weight
gain plot that oxidation resistance of aluminum containing High Si-Mo cast irons are
more dense which act as a barrier against to oxygen diffusion.
Oxidized AlSiMo alloys at 96 hours are characterized by thin-film x-ray diffraction
technique to determine oxide phases grown on the sample surface.
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Figure 3.10: Thin Film XRD Results of AL0, AL3 and AL4 are represented,
respectively. Colors indicate the different alloys. First, black one is AL0,
blue one is AL3 and red indicates the AL4.
In the first sample, aluminum free High Si-Mo, it is observed that hematite,
Fe2O3, quartz SiO2 peaks are visible, and also some glassy structure is detected
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in low angles. However, in the aluminum containing samples, the main peaks are
aluminasilicates(Al2SiO5) and ironaluminates(Fe2AlO5). These two phases formed
a solid solution in the lattice so that peak positions are seen nearly the same as
hematite peak positions, but it is not. As can be shown obviously in Figure 3.11,
and 3.12. Shifted peaks are clearly determined to compare with reference hematite
peak positions. Addition to this, as can be seen in Figure 3.12 peak in 64o splits two
different peaks in aluminum containing High Si-Mo alloys. Based on these results, it
could be claimed that AlSiMo alloys XRD peaks are different from High Si-Mo cast
irons, and these are (Al,Fe)2(Si)O5 solid solution oxide phases.
However, since kinetic properties of the elements are not taken into consideration, the
real oxide scales may conflict with the calculated scale structures by Thermo-Calc.
Figure 3.11: XRD Pattern for aluminum containing High Si-Mo Cast Iron. Vertical
red lines indicate hematite peak positions.
Furthermore, amorphous content increases with the addition of aluminum. It is figured
out from the XRD pattern that peak intensities decrease gradually, while increasing the
aluminum content. Finally, iron substrate peaks are apparent in AlSiMo alloys because
of the thin oxide film.
Second characterization technique for oxide scale and phases is glow discharge optic
emission spectroscopy(GDOES). Basically, the discharged is applied between anode
and cathode, that leads to a surface abrasion [30]. Emitted atoms are excited by argon
ions, and for a while come back to their fundamental energy level, while giving a
characteristic photon. Emitted photons are collected by a photomultiplier, that gives
the elemental composition of a material.
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Symmetry broken 
Figure 3.12: XRD Patterns for all three samples, AL0, AL3 and AL4, respectively.
Oxidize AlSiMo alloys (AL3 and AL4) are characterized by GDOES for detecting
oxide scale. Measurements are performed to 5 miunutes and it is obtained from the
results that selective diffusion and oxidation of aluminum occurs at the surface. And
this oxide scale consists of aluminum, iron, silicon and oxygen. Besides, the oxide
scales are determined from the GDOES results.
As can be seen in Figure 3.13(d), with the increasing of aluminum content and process
temperature, aluminum atoms tend to selectively diffuse on surface to form aluminum
rich oxide layer.
Furthermore, SEM / EDS measurements are also performed on the cross section
of oxidized samples for the cross-check of oxide scales and oxide phases. For the
investigation of oxide phases from the cross-section, oxide surfaces are covered with
two-component epoxy paint, and then dried in furnace at 120oC for 15 minutes.
Afterwards, samples are cut the middle of surface. Finally, the cross-section of samples
are ground with SiC paper down to a finish of 1200 grit. Oxide thickness of six samples
are investigated by using SEM. The results are seen in Figure 3.16. It is demonstrated
that aluminum forms a thin, heat resistant and a dense oxide layer which blocks the
oxygen diffusion inside the bulk.
When focusing on the AL0 samples, oxide scale is very thick and also consists of two
main phases shown in Figure 3.14. Upper layer is iron rich side and the other layer
between metal and iron rich oxide phase is silicon rich part. These results is identical to
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(a) GDOES data for AL3 oxidized at 750oC.
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(b) GDOES data for AL4 oxidized at 750oC.
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(c) GDOES data for AL3 oxidized at 850oC.
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(d) GDOES data for AL4 oxidized at 850oC.
Figure 3.13: GDOES Results of AlSiMo Alloys at elevated temperature. Colors
indicate the elements in the oxide scale.
the ones in literature [31], [32], [33], [34], [35]. The 16 µm thick oxide is quite porous
as seen on the cross-section in 3.14. The inner oxide is 14 µm thick. It consisted of a
fine distribution of Si-rich Fe oxide. According to Norell et. al study [31], there is a
thin SiO2 layer on metal and oxide interface, but it is reported that the quartz thin layer
are not continues.
The element content of the oxide phase can be determined based on the energy disperse
spectroscopy data shown in Table 3.2.
Table 3.2: EDS Results for AL0 Sample.
Elements Fe Oxides Fe - Si Oxides
Fe 78 wt % 64 wt %
Si 0.34 wt % 10 wt %
O 30 wt % 25 wt %
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Fe - Si 
Oxides 
Fe 
Oxides 
Figure 3.14: SEM image of aluminum free AlSiMo alloy. Cross sectional view.
The other significant EDS result is oxidized aluminum containing samples. As
mentioned before, thin and dense oxide scale are grown on surface. Like aluminum
free sample, AlSiMo alloys have multilayer oxide scale.
Metal 
Fe – Si - Al Oxides Fe - Si 
Oxides 
Figure 3.15: SEM image of AL3 AlSiMo alloy. Cross sectional view.
Results proved the weight gain, XRD and GDOES measurements. All characterization
results for detecting oxide scale and phases are identical with each other. As can be
shown in Figure 3.15, Fe-Si Oxide film is probably discontinued.
Table 3.3: EDS Results for AL3 Sample.
Elements Fe - Si - Al Oxides Fe - Si Oxides
Fe 62.92 wt % 66.20 wt %
Si 2.92 wt % 14 wt %
Al 6.73 wt% 0.33 wt%
O 27 wt % 18 wt %
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3.5 Thermal Fatigue Test
Thermal fatigue tests are performed at 850oC with three samples which are High
Si-Mo(AL0), and aluminum containing High Si-Mo (AL3 and AL4.). Sample
preparation is the same as before. After metallographic process, the test is conducted
into a tube furnace and samples are heated to maximum 850oC in 90 minutes. After
holding for 8 minutes, the heated samples are quenched into water. The water
temperature is always about 23oC. The samples are put into furnace again after cooling
process. The cycles are performed until cracking on the surface or oxide spallation is
observed. Total cycle time is nearly 10 minutes.
AL0 AL3 AL4 
Figure 3.17: Photographs of samples after different thermal cycles at 850oC. AL0
= 41 cycle, AL3 = 51 cycle and AL4 = 75 cycle are shown in above,
respectively.
High Si-Mo sample has black colored oxide scale and the sample surface is more
porous. On the other hand, AL3 and AL4 samples have grey colored oxide and
seem bright. After 15th cycle, oxide film on High Si-Mo sample spalled locally.
However,any significant change on the surface of aluminum containing samples is
observed.
It is stated that thermal cracks initiated on the surface of AL0 sample, after 41thcycle.
Test results and crack initiation cycles for each compositions are presented in Table
3.4.
According to the literature, the thermal cracks seemed to be in zig-zag shape. Most
of them formed in the center of sample’s surface and expanded to the edges [36]. The
microstructure of the crack region is presented in Figure 3.18(a). It is clearly seen
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Table 3.4: Thermal cracks initiation cycles for each compositions.
Sample Name Crack Initiation Cycle
AL0 41
AL3 51
AL4 75
that microcrack, which is observed on surface of AL3 after 51th cycles, shows typical
thermal fatigue crack behaviors.
(a) Cracks seems to be in zig-zag or s shape. (b) Secondary Electron Image of thermal fatigue
crack.
Figure 3.18: SEM images of Thermal Fatigue Crack on AL3 surface after 51 cycle.
3.6 Microhardness Measurements and Mechanical Behaviors
In this section, Results of vickers microhardness measurements of AlSiMo alloys are
presented and discussed. Indentation method was initiated to measure the hardness
and elastic modulus of a material from indentation load - displacement data acquired
one cycle loading and unloading [37].
Vickers Hardness number is calculated as follow in Equation 3.1
HV =
F2sin(136
o
2 )
d2
(3.1)
The tests are performed under 500mN load for 25 points in each samples. After
measurements, acceptable data with reliable curves are obtained, and then average
of hardness values, and elastic modulus of alloys are evaluated. Calculated values are
shown in Table 3.5.
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Hardness value and Tensile strength are increasing with Aluminum content, but the
elasticity modules of samples does not change significantly.
Table 3.5: Mechanical Behaviors of AlSiMo Alloys. UTS values are approximate
values.
Sample Name Hardness (HRV) Elasticity Modulus(GPa) UTS (MPa)
High Si-Mo [15] 220 170 601
AL0 360 115 900*
AL3 390 148 1055*
AL4 420 150 1150*
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Figure 3.19: Average load and displacement curve for each compositions.
3.7 Accelerated Corrosion Test
Final section of this chapter is accelerated corrosion test. The test is a standardized test
method used to check corrosion resistance of coated surface and metallic materials. It
is mostly used technique due to the fact that it is inexpensive, fast, repeatable and well
systematized.
The accelerated corrosion tests or salt spray testing are conducted for 24 hours. 3.5
% NaCl solution are sprayed continuously on samples under the neutral pH and
35oC. The samples are constantly wet, and therefore, constantly subject to corrosion.
Addition of aluminum improves the corrosion resistance.
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Visible improvement was observed with the increment of aluminum content. It is
clearly seen in Figure 3.20.
% wt Al content increased 
Figure 3.20: Accelerated Corrosion Test Results.
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4. CONCLUSION
In this study, aluminum containing High Si-Mo irons which are also called AlSiMo
alloys in the context, are investigated by computationally and experimentally. The
main conclusions of the study on new generation Fe-based Al-Si-Mo Alloys for
exhaust manifold applications are given below:
• High temperature oxidation and thermal fatigue resistance of High Si-Mo ductile
iron are improved by adding aluminum in High Si-Mo ductile iron.
• By adding aluminum to the High Si-Mo cast iron, temperature of eutectoid phase
transformation (A1) in the Fe - C system is increased.
• It is stated that thermodynamic properties of AlSiMo alloys(i.e. heat capacity,
thermal expansion, density, volumetric change depends on temperature etc.)
obtained from calculations, are better than High Si-Mo ductile iron.
• Decrease in density provides a weight reduce of 5 to 10 % which can lead to the
manufacture of light weighted designs.
• Calculation results are in good agreement with experiments.
• It is observed that the microstructure of AlSiMo alloys is compacted graphite iron,
which is an outstanding advantage that leads to the new design of cylinder head
with integrated exhaust manifolds. Using this type of integrated casting enable to
fabricate very compact components.
• Weight gain results show that the oxidation resistance of AlSiMo alloys is 6 times
better than the High Si-Mo cast iron.
• Selective diffusion and oxidation of aluminum at the surface is observed which
improves the oxidation resistance of AlSiMo alloys.
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• Instead of hematite oxide scale, dense aluminasilicate and ironaluminate films are
found in the surface of AlSiMo alloys. These dense oxide films increase the heat
resistance of material.
• Aluminum containing High Si-Mo alloys exhibit more thermal fatigue resistance
than High Si-Mo cast irons.
• Additionally, improvement on electro-chemical corrosion resistance is obtained
with the addition of aluminum in High Si-Mo cast iron.
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5. OUTLOOK
Although the computational and experimental data and discussion presented in this
work explain the optimization of chemical composition of AlSiMo alloys, high
temperature oxidation resistance and thermal fatigue resistance, further work is
needed.
Laser Flash Test will be performed for determining the thermal conductivity with
respect to temperature. Since the thermal conductivity decreases when increasing
temperature, this leads to high temperature gradient and it could create residual tensile
stresses so this residual tensile stresses accelerate the growth rate of thermal fatigue
crack.
As reported on this study, creep is one of the most important failure mechanisms for hot
end exhaust systems. Thus, Creep test and cyclic plasticity measurements are needed
to be conducted at elevated temperatures.
Finally, before the casting of AlSiMo exhaust manifolds, finite element analysis is
needed to be performed in the light of this experimental and computational results.
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